Typical action perception and interpretation without motor simulation
Every day, we interact with people synchronously, immediately understand what they are doing, and easily infer their mental state and the likely outcome of their actions from their kinematics. According to various motor simulation theories of perception, such efficient perceptual processing of others' actions cannot be achieved by visual analysis of the movements alone but requires a process of motor simulation-an unconscious, covert imitation of the observed movements. According to this hypothesis, individuals incapable of simulating observed movements in their motor system should have difficulty perceiving and interpreting observed actions. Contrary to this prediction, we found across eight sensitive experiments that individuals born with absent or severely shortened upper limbs (upper limb dysplasia), despite some variability, could perceive, anticipate, predict, comprehend, and memorize upper limb actions, which they cannot simulate, as efficiently as typically developed participants. We also found that, like the typically developed participants, the dysplasic participants systematically perceived the position of moving upper limbs slightly ahead of their real position but only when the anticipated position was not biomechanically awkward. Such anticipatory bias and its modulation by implicit knowledge of the body biomechanical constraints were previously considered as indexes of the crucial role of motor simulation in action perception. Our findings undermine this assumption and the theories that place the locus of action perception and comprehension in the motor system and invite a shift in the focus of future research to the question of how the visuo-perceptual system represents and processes observed body movements and actions.
action perception | motor simulation | mirror neurons O ur social life rests in large part on our capacity to perceive and interpret others' behavior accurately to anticipate their upcoming actions and adjust our own behavior appropriately. The impairment of this ability in the context of autism, schizophrenia, various types of dementia, or following stroke or head injury has tragic consequences for both patients and society. However, how the human mind and brain supports these abilities remains a major challenge. In this study, we addressed a specific issue regarding the relationship between visual and motor processes in action perception and recognition: Does efficient perception and interpretation of action rely on unconscious, covert motor simulation of the observed movements?
The traditional view on this issue is that efficient perception and interpretation of human movement does not rely on motor simulation but rather on computations occurring in the visuoperceptual system supported by basic perceptual processes and information extrapolated from perceptual learning (1) (2) (3) (4) (5) . This view has been challenged by a series of motor simulation theories of perception which, despite their differences, all assume that efficient perceptual processing of others' actions cannot be achieved by visual analysis of the movements alone but requires unconscious covert imitation-motor simulation-of the observed movements (6) (7) (8) (9) (10) (11) (12) (13) . In this view, motor simulation of an observed action allows the observer to retrieve knowledge about that action automatically, as if the observer were performing the action herself.
Over the past 20 y, this paradigm-shifting idea-that motor simulation is a core feature of movement perception-has become the dominant neurobiological account of the perception and interpretation of action and has had a great impact in the scientific and medical community (e.g., refs. 14-16). However, to date, the interpretation of the results from neuroimaging, behavioral, neuropsychological, and transcranial magnetic stimulation (TMS) studies that have been cited in support of motor simulation theories of perception remains unsettled (SI Discussion, 1) (17) (18) (19) .
Here, we investigated the role of motor simulation on the perception and interpretation of action in five individuals who were cognitively and neurologically intact but were born with an extremely rare condition: bilateral upper limb dysplasia, characterized by a congenital absence of upper limbs. The rationale is straightforward. The individuals with dysplasia (IDs) never developed any upper limb motor representations or processes that could be mobilized to execute observed upper limb movements covertly (SI Discussion, 2) (20-22). Thus, the expectation from the motor simulation theories of perception is that the performance of the IDs should differ from that of the control participants in tasks that assess aspects of movement processing requiring motor simulation.
In contrast with that prediction, across eight sensitive tasks (no ceiling or floor effect) assessing different aspects of the perceptual processing of action, we found that individuals born without upper limbs can perceive, anticipate, predict, comprehend, and memorize observed actions with the same accuracy and speed as the controls. Furthermore, in all the tasks, some IDs performed well above the mean of the controls. In addition, and crucially, we also found that the IDs' perception of upper limb movements was characterized by the same perceptual biases (anticipatory and biomechanical biases) as found in the response profile of control participants-perceptual biases that have been taken as evidence for a role of motor simulation in perception.
Significance
How do we perceive and interpret others' actions? In recent years, the dominant view on this issue is that efficient perceptual processing of others' actions cannot be achieved by visual analysis of the movements alone but requires unconscious, covert motor simulation of the observed movements. This idea has developed a large following in many disciplines such as psychology, neuroscience, neurology, psychiatry, and philosophy of mind and has started to influence the study and treatment protocols of patients suffering from conditions affecting the perception and interpretation of action (such as autism, schizophrenia, and various dementias). In this paper, however, we report evidence that efficient perception and interpretation of actions can be achieved without motor simulation.
This set of findings challenges the central premise of the models of action perception and interpretation centered on motor simulation: They show that the visuo-perceptual system can support efficient perception and interpretation of action unaided by motor simulation.
Results
The most frequent functional role attributed to motor simulation is that it underlies efficient (i.e., fast and accurate) comprehension of actions (6) (7) (8) (9) (10) (11) (12) . Experiment 1 tested this hypothesis. Participants viewed video clips of an actress pantomiming 20 different instrumental actions (e.g., playing a guitar, typing). Only body movements were shown, without any object or context. Participants were asked to name each action at 14 165-ms steps in a gradual unmasking paradigm from 330 ms to 2,640 ms. An item was scored correct at a given level of demasking (from 1 to 14) if it also was identified correctly at all subsequent levels and was scored 15 if not recognized. Contrary to expectations from the motor simulation hypothesis, the IDs were as (or more) accurate and fast as the controls in recognizing pantomimes of action ( Fig.  1A and Fig. S1A ).
Another proposed role of motor simulation is that it provides critical complementary information to enhance stimulus identification Fig. 1 . Results of experiments 1-5 by individual participant (see also Figs. S1 and S2). IDs are shown in black; control participants are shown in light gray; the mean of the controls is shown in darker gray. We applied two-tailed modified t tests (48) (49) to test whether the discrepancy in the ID's performance between the two categories of stimuli was significantly different from the discrepancy between the two categories in the control group. The discrepancy in performance between the upper limb and the lower limb actions was larger in IDs 1, 2, and 3 than in the controls (all BSDT P < 0.05) but not in ID 4 and 5 (both BSDT P > 0.5). In comparison with the controls both ID 4 and 5 performed relatively better for upper limb actions (both modified t tests, ts = 1.19) than for lower limb actions (both modified t tests, ts = 0.52). (C) All the IDs were as efficient as the controls in discriminating learned from novel actions [all modified t tests, ts ( under adverse perceptual conditions (13, 19, 23, 24) . Experiment 2 used point-light animations to test this hypothesis. Participants viewed video clips of an actor reduced to 12 light dots placed on his main joints (center of the head, shoulders, elbows, wrists, center of pelvis, knees, and ankles) performing 20 upper limb actions (e.g., fishing) and 20 non-upper limb actions (e.g., walking backward) and were asked to name the actions. IDs 1, 2, and 3 were significantly less accurate in recognizing upper limb actions than non-upper limb (normal range) actions. However, in contrast to the motor simulation hypothesis, IDs 4 and 5 performed well above the mean of the controls for both upper limb and non-upper limb actions ( Fig. 1B and Fig. S1B ).
Another possibility is that motor simulation is particularly important in learning to recognize new actions (25, 26) . Experiment 3 tested this hypothesis. Participants were asked to memorize 21 video clips (lasting between 2.1 and 2.4 s) of an actress performing meaningless gestures with the upper limb(s). Videos did not include any context or objects, and the actress's body and face were kept neutral (27) . Participants had to recognize the memorized clips from among 21 similar video clips. We calculated the number of correct (hits) and incorrect (false alarms) recognitions of previously learned actions and computed the d′ sensitivity index of each participant. The performance of the IDs was indistinguishable from that of control participants ( Fig. 1C and Figs. S1C and S2C).
Motor simulation has been assumed to support the ability to make inferences based on a fine-grained analysis of others' kinematics (28, 29) . Experiments 4 and 5 examined this hypothesis. In experiment 4, participants viewed video clips of an actor's arm lifting a small box or of an actor's whole body lifting a large box containing one of four different weights (small box: 0.05, 0.3, 0.6, or 0.9 kg; large box: 3, 6, 12, or 18 kg) and had to decide after each trial whether the actor knew the correct weight of the box before lifting it (28) . We calculated the number of correct (hits) and incorrect (false alarms) identifications of a violation of the actor's expectation and then computed the d′ sensitivity index for each participant. In experiment 5 participants viewed video clips showing a player shooting a basketball; the clip was interrupted at the instant the ball left the player's hands, and the participant had to predict the outcome of the shot (29) . We calculated the number of correct (hits) and incorrect (false alarms) identifications of the successful free shots and computed the d′ sensitivity index for each participant. The performance of the IDs in these tasks was indistinguishable from that of control participants (Fig. 1 D-F and Figs. S1 D-F and S2 D-F). Thus, the ability to infer the outcome of others' actions from their kinematics does not require motor simulation.
Still, motor simulation may support more basic perceptual processes underlying our perception of others' movements. For instance, to process others' movements in real time despite the informational lag imposed by neural transmission, our perceptual system typically anticipates the outcome of their movements by shifting the perceived position of the effectors forward along their plausible trajectories (30) . According to the motor simulation theories of perception, perceptual anticipation (PA) of others' movements and its tuning to biomechanically plausible movements depends on motor simulation of the observed movements (13, 30) . To test this hypothesis, in experiment 6, participants watched series of three sequentially presented pictures inducing the perception of a hand movement that would be either awkward or easy to continue along the same trajectory, and they were asked to decide whether a subsequent probe picture matched the last picture in the series ( Fig.  2A) . Foils showed the arm shifted slightly backward or forward along its initial trajectory. We compared the number of "same" responses across probe type (forward and backward) and movement condition (easy and awkward). Both IDs and controls showed a significant bias toward forward probes in the easy condition, but this bias was absent or was significantly smaller in the awkward condition (Fig. 2B) . Thus, like the controls, the IDs perceive the position of moving hands as shifted slightly forward along their trajectory (action anticipation) but did so only when the anticipated position was not biomechanically awkward. The finding that perceptual anticipation in the IDs is shaped by implicit knowledge of biomechanics shows that the computations underlying this effect are intrinsic to the visual system.
A critical issue, however, is whether the PA effect observed in experiment 6 also holds for the perception of continuous movement (31) . Therefore in experiment 7 we asked participants to watch a series of video clips showing a computerized 3D actor performing a rotation of the arm away from or arriving at an awkward position and to decide whether a subsequent probe picture matched the position of the hand at the end of the video (Fig. S3A) . Again, foils showed the arm shifted slightly backward or forward along its initial trajectory, and we compared the number of "same" responses across probe type (forward and backward) and movement condition (easy and awkward). IDs 1, 2, and 4, like the controls, showed the typical bias toward forward rather than backward foils when the hand moved out of, but not into, an awkward position (Fig. 3A) . IDs 3 and 5 did not show the same profile. However, their performance was similar to that of some individual control participants (Fig. S3C) , suggesting that their performance reflects variability intrinsic to the task.
Finally, experiment 8 was carried out to ensure that the results reported in experiments 6 and 7 could be replicated with another body movement. Participants were presented video clips showing a computer-generated actor performing an extension/flexion of the right shoulder and were asked to decide whether a subsequent probe picture matched the position of the hand at the end of the video (Fig. S3B ). ID2 was not tested in this experiment because she was able to perform movements of the stumps similar to the presented extension/flexion of the arm. Results from this experiment were analyzed similarly to the results of experiments 6 and 7. IDs 1, 2, and 4, like the controls, showed the typical bias toward forward rather than backward foils when the hand moved out of an awkward position but did not show that bias (controls and IDs 1 and 3) or showed less bias (ID4) when it moved into an awkward condition (Fig. 3B) . ID5 did not show the same profile, but his performance did not differ significantly from that of the control participants (see the profiles of control participants 26 and 30 in Fig. S3D ). 
Discussion
In this study, we tested predictions derived from motor simulation theories of perception (6-13), which assume that efficient perceptual processing of others' actions cannot be achieved by visual analysis of the movements alone but requires unconscious covert imitation-motor simulation-of the observed movements. The results we report here challenge this view. In the eight experiments, we found that most of the IDs, although they were incapable of simulating observed upper limb movements in their motor system, could perceive, anticipate, predict, comprehend, and memorize upper limb actions as accurately, as rapidly, and with the same sensitivity and biases as typically developed participants.
This evidence cannot be dismissed on the ground that we simply failed to find evidence for a difference of performance between IDs and the control participants because of a lack of statistical power. All the experiments were sensitive, with no ceiling or floor effects and, despite some performance variability (SI Discussion, 3) , in all the tasks some of the dysplasic participants performed well above the mean of the controls, including younger controls with a high level of education. In addition, and crucially, we found positive evidence that the IDs' perception of upper limb movements was characterized by the same perceptual biases (anticipatory and biomechanical biases) found in the response profile of control participants-perceptual biases that have been taken as evidence for a role of motor simulation in perception (7, 13, 30) .
Our findings thus considerably extend previous results obtained with IDs or congenital paralysis (19, (32) (33) (34) (35) . It has been shown that individuals with congenital paralysis of facial muscles recognize facial expressions despite their inability to perform facial movements (32) . It also has been found that individuals with upper limb dysplasia are influenced by body biomechanical constraints when asked to judge the laterality of hand drawings (33) (34) (35) . The present study goes well beyond the scope of this previous evidence by demonstrating that motor simulation contributes neither to the ease (speed) of action recognition nor to its robustness and does not contribute to the ability to anticipate others' movements perceptually, to predict the outcome of their actions, to read their mental states from their kinematics, or to memorize their body postures and movements. Another distinctive feature of the experimental results reported in this study is that they demonstrate the ability of the visuo-perceptual system, in the absence of motor simulation, to detect, process, and use information about body shape and movement to perceive and interpret observed actions efficiently even when they are presented in extreme, impoverished conditions. IDs performed comparably with controls when actions were to be recognized from only the very first movements and from configurations of the upper limbs (experiment 1) or from the displacement of only four dots representing the actor's wrists and elbows (experiment 2), when very similar actions had to be discriminated after only a short exposure (experiment 3), when very subtle cues in the kinematics of the actors' upper limb movements had to be used to make perceptual decisions (experiments 4 and 5), or when subtle perceptual biases were investigated (experiments 6-8).
An alternative interpretation of these findings might be that the IDs' efficiency in perceiving and interpreting action arises from their "simulation" of the observed upper limb movements and actions with their lower limbs. It is known that in dysplasics the motor system used to execute lower limb actions is activated when they observe hand actions (36, 37) . However, this alternative interpretation of the results produces two seemingly insurmountable challenges for current versions of the motor simulation theories (SI Discussion, 4). First, although the effectiveness of simulation in aiding action perception depends on the degree of similarity between the observed action and the observer's own motor representation of that action (38, 39) , the very different skeletal and muscular features and degrees of freedom of the arms and legs and of the hands and feet (40) make it virtually impossible to imitate the observed upper limb actions with the lower limbs. For example, the different mechanical limits of external rotation and of extension/ flexion of the shoulder and the hip (40) make it very difficult to attribute the performance of the dysplasics in experiments 6, 7, and 8 as reflecting the effects of simulation of the observed arm movements by the feet. Second, and more importantly, the hypothesis that motor simulation contributes to the perception of action is of interest because the hypothesis assumes that motor simulation operates through a non-cognitively-mediated direct matching process between an observed, uninterpreted movement and the observer's own motor representation of that movement (18) . It is unclear, however, how a mechanism of direct executionobservation matching could operate when there are no motor characteristics in common between the motor plans involved in execution and the observed motor act. Effector-independent motor simulation thus requires the prior categorization of the observed action as an act of a particular type that, once interpreted, can be associated with the motor program of the same action executed with a different effector from the observed one (36, 41, 42) .
Our findings thus clearly challenge the central premise of the motor simulation theories of perception: They demonstrate that it is possible to account for efficient action perception and interpretation and, crucially, to explain the kind of performance profiles that have been used so far to support the motor theory of perception (e.g., the anticipatory and biomechanical biases in perception of body movements) without appealing to the concept of motor simulation. The findings reported in this study thus support models of action perception and comprehension that distinguish perceptual, conceptual, and motor stages of processing (e.g., ref.
2). According to these models, when a movement is perceived, a visuoperceptual analysis of the actor's body shape and motion provides a visual description of the action, which serves as input to a conceptual system containing conceptual features or attributes of the action (e.g., its typical duration, function, goal, and so forth). As our findings show, these two stages of processing are necessary and sufficient to support the rapid, sensitive, and robust perception and interpretation of actions and to compensate for neural transmission delay through biomechanically tuned perceptual anticipation. According to these models, motor simulation occurs by both a non-cognitively-mediated direct route, supporting effector-specific covert imitation of observed movements occurring in parallel to the conceptual processing, and by a cognitively-mediated indirect route following the conceptual processing (2). However, motor simulation is not required for efficient perception and interpretation of action. Admittedly, it is possible that the sensitivity to movement kinematics, perceptual anticipation, perceptual tuning toward biomechanically easy movements, and the efficient memory of novel upper limb movements and action recognition found in the IDs are all based on processes and representations different from those supporting the same abilities in the typically developed individuals; that is, the IDs use only visuo-perceptual computations, but the typically developed participants rely on motor simulation as well. Future studies are needed to elucidate this question with the help of neuropsychological studies of patients suffering from brain damage that affects their ability to imitate observed actions covertly, among others. However, several arguments speak against this possibility.
First, we found that the perception and interpretation of action was not only in efficiency but also qualitatively similar in the two groups. An analysis of the qualitative performance of the IDs in experiments 1-5 showed that they made errors on the same stimuli as the typically developed participants (Fig. S2) , suggesting that their performance is affected by the same variables. Even more importantly, in experiments 6-8 we observed that the IDs' perception of upper limb movements is influenced by the same anticipatory and biomechanical biases that affect control participants' performance. This result demonstrates that the IDs' and the controls' perception of body movements cannot be distinguished from each other even at the level of the finest-grained characteristics; thus it is difficult to assume that they are using different strategies in all these tasks.
Second, this conclusion is consistent with computational modeling results showing that action perception and identification can be explained by exclusively visual processes and representations (1) . It also is in line with the results from neuropsychological studies showing that damage to various parts of the motor system such as the basal ganglia (43, 44) , the inferior parietal lobe (43) (44) (45) , the inferior frontal gyrus (43, 45, 46) , the left premotor cortex (43, 45) , the primary motor cortex (43, 45) , and the bilateral superior parietal lobule (46) cause motor or praxis disorders (a disorder affecting the capacity to perform actions despite preserved basic motor and somatosensory functions) but do not necessarily hamper action identification.
Third, and crucially, there seems to be no evidence incompatible with this conclusion. Indeed, the interpretation of the results from neuroimaging, behavioral, neuropsychological, and TMS studies, which have been cited in support of motor simulation theories of perception, remains unsettled (SI Discussion, 1). Moreover, one important aspect of our results is that they are based on experiments that used the same materials and procedures used in studies (28) (29) (30) that have been interpreted as providing conclusive evidence in favor of motor simulation theories of perception. We showed, for instance, with the same material and procedure as in the seminal paper by Wilson et al. (30) that, in contrast to the initial interpretation, the tuning of action anticipation toward biomechanically easy movements does not require motor simulation. Using the material and procedure from Bosbach et al. (28) , we showed that, contrary to the initial interpretation of the results of that study, the ability to detect mismatches between prepared and executed actions and to use such detection to infer the mental state of an actor does not require motor simulation of the observed movements. Finally, using the materials from Aglioti et al. (29) , we showed that the ability to predict the outcome of an action efficiently does not require motor simulation. Our results demonstrate that motor simulation is not needed to obtain the performance profiles that have been used to support the motor simulation theory of perception. In fact, within models that do not attribute a causal role to motor simulation in action perception, these results are taken to indicate that motor experience contributes not only to the acquisition of motor representations but also to the acquisition of spatiotemporal knowledge about actions and that the latter, not motor simulation, shapes action perception (47) . The observation reported here that IDs 1, 2, and 3 were better at recognizing non-upper limb actions than upper limb actions in experiment 2 (see also ref. 19 ) and that ID3 was impaired in predicting the outcome of the basketball free shot in experiment 5 also point to this possibility (although this difficulty also could be explained by the IDs having different visual experiences of these actions). Collectively, these results call for the development of fresh hypotheses about how knowledge acquired through motor experience helps shape visually and conceptually based computations of body actions.
In conclusion, several motor simulation theories of perception have proposed that efficient perceptual processing of others' actions cannot be achieved by the visual analysis of the movement alone but requires a process of motor simulation, that is, a covert execution of the observed movements. Our findings challenge this view and, although the extent to which these results generalize to typically developed participants remains an open question, they underscore the need for a shift in the burden of proof concerning the role of motor simulation in perception. Future research must address the fundamental questions of how the visuo-perceptual and cognitive systems support efficient and effector-constrained perception and interpretation of actions. In this latter framework, fundamental questions remain concerning how the visual system encodes information about the biomechanical constraints of body part movements, how this implicit knowledge constrains action perception, and how knowledge acquired through motor experience helps shape the processing of observed actions (SI Discussion, 1). In addition to its theoretical significance, this set of findings serves as a cautionary note in the application of principles derived from motor simulation theories of perception to the understanding or treatment of neurological and psychiatric conditions (e.g., refs. 14-16).
Materials and Methods
The experimental investigations were carried out from October 2013 to June 2014 in sessions lasting between 60 and 120 min. The study was approved by the biomedical ethics committee of the Cliniques Universitaires Saint-Luc, Brussels, Belgium, and all participants gave written informed consent before the study. During the experiment, participants were seated in front of a computer screen located at a distance of about 60 cm. The experiments were controlled with the E-Prime software (Psychological Software, 2002) and presented on a 15.6-inch Dell Latitude E5530 anti-glare laptop screen set at 1,366 × 768 pixels and 60 Hz.
Participants. Five individuals born with severely shortened or completely absent upper limbs (see SI Materials and Methods for details) and five groups of control participants were tested (Table S1) . No participant had a history of psychiatric or neurological disorder. None of the IDs had history of phantom limb sensations or movements (SI Materials and Methods). Most of the tasks were presented to more than one group of control participants (Table S2) so that we were able to compare each ID with a sample of control participants matched in age, gender, and education. Because no difference in performance was observed across the different control groups for any of the tasks, and because the results obtained when the each of the IDs was compared with the matched control group led to the same conclusions, we decided not to report the results of the different groups in the main text. Results of the different groups and the comparison of each ID with the respective control group are presented in Fig. S1 .
Materials and Procedures.
A detailed description of the materials and procedures of the eight experiments is provided in SI Materials and Methods. The actions pantomimed in experiment 1 are listed in Table S3 ; the upper limb and non-upper limb actions presented in experiment 2 are listed in Table S4; and supplemental results are given in Tables S5 and S6. 
